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WATER TREATMENT SYSTEM AND METHOD 
BACKGROUND OF THE INVENTION 

5 1 . Field of the Invention 

The present invention relates generally to a system and method for treating or 
purifying a fluid and, more particularly, to a water treatment system incorporating a 
reservoir system and an electrochemical device that has a comp€Utment that traps hydrogen 
ions that can be used in an electrode compartment to reduce scaling. 

10 

2. Description of the Related Art 

Water that contains hardness species such as calciiun and magnesium may be 
imdesirable for some uses in industrial, commercial and household applications. The typical 
guidelines for a classification of water hardness are: zero to 60 milligrams per liter (mg/1) as 

15 calcium carbonate is classified as soft; 61 to 120 mg/1 as moderately hard; 121 to 180 mg/1 
as hard; and more than 180 mg/1 as very hard. 

Hard water can be softened by removing the hardness ion species. Examples of 
systems that remove such species include those that use ion exchange beds. In such 
systems, the hardness ions become ionically bound to oppositely charged ionic species that 

20 are mixed on the surface of the ion exchange resin. The ion exchange resin eventually 
becomes saturated widi ionically bound hardness ion species and must be regenerated. 
Regeneration typically involves replacing the bound hardness species with more soluble 
ionic species, such as sodium chloride. The hardness species bound on the ion exchange 
resin are replaced by the sodium ions and the ion exchange resins are ready again for a 

25 subsequent water softening step. 

Other systems have been disclosed. For example, I>osch, in U.S. Patent No. 
3,148,687 teaches a washing machine including a water softening arrangement using ion 
exchange resins. Similarly, Gadini et al., in International Application Publication No. 
WOOO/64325, disclose a household appliance using water with an improved device for 

30 reducing the water hardness. Gadini et al. teach of a household appliance having a control 
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system, a water supply system from an external source and a softening system with an 
electrochemical cell. 

Electrodeionization (EDI) is one process that may be used to soften water. EDI is a 
process that removes ionizable species from liquids using electrically active media and an 
5 electrical potential to influence ion transport. The electrically active media may function to 
alternately collect and discharge ionizable species, or to facilitate the transport of ions 
continuously by ionic or electronic substitution mechanisms. EDI devices can include 
media having pemianent or temporary charge. Such devices can cause electrochemical 
reactions designed to achieve or enhance performance. These devices also include 

10 electrically active membranes such as semi-pemieable ion exchange or bipolar membranes. 
Continuous electrodeionization (CEDI) is a process wherein the primary sizing 
parameter is the transport through the media, not the ionic capacity of the media. A typical 
CEDI device includes selectively-permeable anion and cation exchange membranes. The 
spaces between the membranes are configured to create liquid flow compartments with 

15 inlets and outlets. A transverse DC electrical field is imposed by an external power source 
using electrodes at the bounds of compartments. Often, electrode compartments are 
provided so that reaction product from the electrodes can be separated from the other flow 
compartments. Upon imposition of the electric field, ions in the liquid are typically 
attracted to their respective counter-electrodes. The adjoining compartments, bounded by 

20 the permeable membranes facing the anode and facing the cathode, typically become 

ionically depleted and the compartments, bounded by the electroactive cation permeable 
membrane facing the anode and the electroactive anion membrane facing the cathode, 
typically become ionically concentrated. The volimie within the ion-depleting 
compartments and, in some embodiments, within the ion-concentrating compartments, can 

25 include electrically active media or electroactive media. In CEDI devices, the electroactive 
media may include intimately mixed anion and cation exchange resin beads to enhance the 
transport of ions within the compartments and may participate as substrates for 
electrochemical reactions. Electrodeionization devices have been described by, for 
example, Giuflfrida et al. in U.S. Patent Nos. 4,632,745, 4,925,541 and 5,21 1,823, by Ganzi 

30 in U.S. Patent Nos. 5,259,936 and 5,316,637, by Oren et al. in U.S. Patent No. 5,154,809 
and by Kedem in U.S. Patent No. 5,240,579. 
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SUMMARY OF THE INVENTION 

In one aspect, the present invention provides a water treatment system. The system 
can comprise a water reservoir fluidly connected to a point of entry, an electrochemical 
5 device fluidly connected to the water reservoir and comprising a compartment that is at least 
partially filled with electroactive media and bounded by anion-selective membranes on each 
side thereof and a water distribution system fluidly connected to at least one of the water 
reservoirs and the electrochemical device. 

In another embodiment, the present invention provides an electrochemical device 
10 comprising an ion-trapping compartment comprising cation-exchange resin and anion- 
selective membranes. 

In another embodiment, the present invention provides an electrochemical device 
comprising a compartment comprising electroactive media that is substantially free of 
cation-exchange resin and is bounded by anion-selective membranes on each side thereof. 
15 In another embodiment, the present invention provides an electrochemical device 

comprising a compartment consisting essentially of cation-exchange resin and anion- 
selective membranes. 

In another embodiment, the present invention provides an electrochemical device 
electrochemical device comprising a compartment that is constructed and arranged to inhibit 
20 the migration of cations while promoting the migration of anions to an adjacent 
compartment. 

In another embodiment, the present invention provides an electrochemical device 
comprising a first depleting compartment, an ion-trapping compartment comprising cation- 
exchange resin adjacent the first depleting compartment, an alkaline-collecting compartment 
25 positioned adjacent the ion-trapping compartment and a second depleting compartment 
positioned adjacent the alkaline-collecting compartment. 

In another embodiment, the present invention provides an electrochemical device 
comprising an ion-exchange fiber disposed between ion-selective membranes. 

In another embodiment, the present invention provides an electrochemical device 
30 comprising a depleting compartment and a concentrating compartment. At least one of the 
depleting and concentrating compartments comprises electroactive fiber felt. 

In another embodiment, the present invention provides a method of treating a liquid. 
The method can comprise providing an electrochemical device comprising a depleting 
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compartment, a concentrating compartment and an ion-trapping compartment disposed 
between the depleting and concentrating compartments, passing the liquid to be treated 
through the depleting compartment and collecting hydrogen ions in the ion-trapping 
compartment. 

5 In another embodiment, the present invention provides a method of treating water. 

The method can comprise providing an electrochemical device comprising a compartment 
bounded by an ion-selective membrane, introducing water into the compartment, 
dissociating water into hydrogen and hydroxyl ions in the compartment and transferring at 
least a portion of the hydrogen ions to an electrode compartment of the electrochemical 
10 device. 

In another embodiment, the present invention provides a method of facilitating liquid 
treatment. The method can comprise providing an electrochemical device comprising at 
least one compartment that is at least partially filled with cation-exchange resin and bounded 
by anion-selective membranes on each side thereof. 
15 In another embodiment, the present invention provides a method of facilitating liquid 

treatment. The method can comprise providing an electrochemical device comprising a 
compartment consisting essentially of cation-exchange resin and anion-selective 
membranes. 

Other advantages, novel features and objects of the invention will become apparent 
20 firom the following detailed description of the invention when considered in conjimction 
with the accompanying drawings, which are schematic and not intended to be drawn to 
scale. In the Figures, each identical or substantially similar component that is illustrated is 
represented by a single numeral or notation. For purposes of clarity, not every component is 
labeled in every figure, nor is every component of each embodiment of the invention shown 
25 where illustration is not necessary to allow those of ordinary skill in the art to understand the 
invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

30 The preferred, non-limiting embodiments of the present invention will be described 

by way of example and with reference to the accompanying drawings, in which: 
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FIG. 1 is a process flow diagram of a water treatment system according to one or 
more embodiments of the present invention showing a reservoir system fluidly connected to 
a point of entry and to an electrochemical device; 

FIG. 2 is a schematic, sectional view through a typical electrodeionization device 
5 illustrating the fluid and ion flow directions through depleting and concentrating 

compartments in accordance with one or more embodiments of the present invention; and 

FIG. 3 is a schematic, sectional view through an electrodeionization device 
illustrating an ion-trapping compartment in accordance wifli one or more embodiments of 
the present invention. 

10 

DETAILED DESCRIPTION OF THE INVENTION 

United States Patent Applications titled WATER TREATMENT SYSTEM AND 
METHOD by Wilkins et al. and filed on even date herewith; WATER TREATMENT 

15 SYSTEM AND METHOD by Jha et al. and filed on even date herewith; WATER 
TREATMENT SYSTEM AND METHOD by Freydina et al. and filed on even date 
herewith; WATER TREATMENT SYSTEM AND METHOD by Wilkins et al. and filed on 
even date herewith; WATER TREATMENT SYSTEM AND METHOD by Freydina et al. 
and filed on even date herewith; WATER TREATMENT SYSTEM AND METHOD by 

20 Wilkins et al. and filed on even date herewith; and WATER TREATMENT SYSTEM AND 
METHOD by Jha et al. and filed on even date herewith are hereby incorporated by reference 
herein. 

The present invention is directed to a water purification or treatment system and 
method for providing treated water in industrial, commercial and residential applications. 

25 The treatment system provides treated or softened water to a point of use by removing at 

least a portion of any hardness-causing species contained in water from a water source, such 
as municipal water, well water, brackish water and water containing foulants. The water 
treatment system can include an electrochemical device, such as electrodeionization device, 
that can have at least one compartment that generates and traps hydrogen ions in a fluid, 

30 which can be used in another compartment of the electrochemical device, such as an 

electrode compartment, to reduce or at least dissolve any scale. Other applications of the 
system of the present invention would be in the treatment and processing of foods and 
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beverages, sugars, various industries such as the chemical, pharmaceutical, waste water 
treatment and power generating industries. 

The treatment system of the present invention typically receives water from the 
water source or a point of entry and purifies the water containing at least some undesirable 
5 species before delivering the treated water to a point of use. The treatment system typically 
has a reservoir system in line, e.g., in fluid communication with an electrochemical device 
such as electrodeionization device. The treatment system, in some embodiments of the 
invention, further comprises a sensor for measuring at least one property of the water or an 
operating condition of the treatment system. In other embodiments of the present invention, 

10 the treatment system also includes a controller for adjusting or regulating at least one 
operating parameter of the treatment system or a component of the treatment system. 

FIG. 1 shows a schematic flow diagram of the present invention of a water treatment 
system according to one embodiment. The water treatment system 10 includes a reservoir 
system 12 fluidly connected, typically at an upstream end, to a water source or a point of 

15 entry 14 and also to an electrochemical device, e.g. electrodeionization device 16, typically 
at a downstream end. Water treatment system 10 typically includes a point of use 18, which 
is typically fluidly connected downstream of reservoir system 12. In certain embodiments, 
water treatment system 1 0 also has a sensor 20 and a controller 22 for controlling or 
regulating power source 24 which provides power to electrodeionization device 16. 

20 Electrodeionization device 1 6 typically removes or reduces the concentration of imdesirable 
species from water to be treated flowing from point of entry 14 to produce treated water for 
storage into reservoir system 12 and ultimate delivery to point of use 18. Undesirable 
species removed by electrodeionization device 16 is typically transferred in a concentrate 
stream to an auxiliary use or a drain 26. 

25 Water treatment system 10, in certain embodiments of the invention, can further 

include pretreatment system 28, which is typically fluidly connected upstream of reservoir 
system 12 or electrodeionization device 16. Moreover, water treatment system 10 typically 
also includes fluid control components, such as pumps 30 and valves 32. 

The present invention will be further understood in light of the following definitions. 

30 As used herein, "pressurized" refers to a system or component that has a pressure, internal 
or applied, that is above atmospheric pressure. For example, a pressurized reservoir system 
has an internal pressure that is greater than atmospheric pressure. 
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FIG. 2 schematically shows a cross-sectional view of fluid and ion flow paths of an 
electrodeionization device through one embodiment of the present invention. The 
electrodeionization device or device 16 includes ion-depleting (depleting) compartments 34 
and ion-concentrating (concentrating) compartments 36, positioned between depleting 
5 compartments 34. Typically, end blocks (not shown) are positioned adjacent to end plates 
(not shown) to house an anode 42 and a cathode 44 in their respective compartments. In 
certain embodiments, the compartments include cation-selective membranes 46 and anion- 
selective membranes 48, which are typically peripherally sealed to the periphery of both 
sides of the compartments. 

10 The cation-selective membranes and anion-selective membranes are typically 

comprised of an ion exchange powder, a polyethylene powder binder and a glycerin 
lubricant. In some embodiments, the cation- and anion-selective membranes are 
heterogeneous polyolefin-based membranes, which are typically extmded by a 
thermoplastic process using heat and pressure to create a composite sheet. The use of otfier 

15 membranes such as homogeneous membranes, alone or in combination with heterogeneous 
membranes, is fiirther contemplated by the present invention. Representative suitable ion- 
selective membranes include, for example, web supported using styrene-divinyl benzene 
with sulphonic acid or quaternary ammonium functional groups, web supported using 
styrene-divinyl benzene in a polyvinylidene fluoride binder, and unsupported-sulfonated 

20 styrene and quartemized vinyl benzyl amine grafts on polyethylene sheet. 

Concentrating compartments 36 are typically filled with cation exchange resin 50 
and depleting compartments 34 are typically filled with a mixture of cation exchange resin 
50 and anion exchange resin 52. In some embodiments, the cation exchange and anion 
exchange resins can be arranged in layers within any of the depleting, concentrating and 

25 electrode compartments so that a number of layers in a variety of arrangements can be 
assembled. Other embodiments are believed to be within the scope of the invention 
including, for example, the use of mixed bed ion exchange resins in any of the depleting, 
concentrating and electrode compartments, the use of inert resin between layer beds of 
anionic and cationic exchange resins, the use of various types and arrangements of anionic 

30 and cationic resins including, but not limited to, those described by DiMascio et al., in U.S. 
Patent No. 5,858,191, which is incorporated herein by reference in its entirety. 

In operation, a liquid to be treated 54, typically fi*om an upstream water source 
entering the treatment system at point of entry 14, having dissolved cationic and anionic 
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components, including hardness ion species, can be introduced into depleting compartments 
34 through a manifold 60, wherein the cationic components are attracted to the cation 
exchange resin 50 and the anionic components are attracted to the anion exchange resin 52. 
An electric field applied across electrodeionization device 16, through anode 42 and cathode 
5 44, which are typically positioned on opposite ends of electrodeionization device 16, 
typically passes perpendicularly relative to the fluid flow direction such that cationic and 
anionic components in the liquid tend to migrate in a direction corresponding to their 
attracting electrodes. 

Cationic components typically migrate through cation-selective membrane 46 into 

10 adjacent concentrating compartment 36. Anion-selective membrane 48, positioned on the 
opposite side of concentrating compartment 36, can prevent migration into adjacent 
compartments, thereby trapping the cationic components in the concentrating compartment. 
Similarly, anionic components typically migrate through the ion-selective membranes, but 
in a direction that is opposite relative to the migration direction of the cationic components. 

15 Anionic components migrate through anion-selective membrane 48, from depleting 
compartment 34, into an adjacent concentrating compartment 36. Cation-selective 
membrane 46, positioned on the other side of concentrating compartment 36, can prevent 
further migration, thus trapping anionic components in the concentrating compartment, hi 
net effect, ionic components are removed or depleted from liquid 54 in depleting 

20 compartments 34 and collected in concentrating compartments 36 resulting in a treated 
water product stream 56 and a concentrate or discharge stream 58. 

In accordance with some embodiments of the present invention, the applied electric 
field across electrodeionization device 16 can create a polarization phenomenon, which can 
lead to the dissociation of water into hydrogen and hydroxyl ions. The hydrogen and 

25 hydroxyl ions can regenerate the ion exchange resins 50 and 52 in ion-depleting 

compartments 34, so that removal of dissolved ionic components can occur continuously 
and without a separate step for regenerating exhausted ion exchange resins because of the 
ionic species migration. The applied electric field across electrodeionization device 16 is 
typically a direct current. However, any applied electric field that creates a bias or a 

30 potential difference between one electrode and another can be used to promote migration of 
ionic species. Therefore, an alternating current may be used, provided that there is a 
potential difference between electrodes that is sufficient to attract cationic and anionic 
species to the respective attracting electrodes. In yet another embodiment of the present 
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invention, an alternating current may be rectified, for example, by using a diode or a bridge 
rectifier, to convert an altemating current to a pulsating direct current such that, when the 
current is applied across the electrodeionization device, a potential gradient is created that 
attracts the respective ionic species. 
5 The electroactive media, for example, the ion exchange resin beads 50 and 52, 

typically utilized in depleting compartments 34, can have a variety of functional groups on 
their surface regions, such as tertiary, alkyl amino groups and dimethyl ethanolamine. 
These materials can also be used in combinations with ion exchange resin materials having 
various functional groups on their surface regions, such as quaternary ammonium groups. 

10 The electroactive media can comprise a fiber or felt material comprising functional groups 
on a surface thereof. The use of ion-exchange fiber can ease assembly and replacement of 
such spent electroactive media. In some embodiments, the ion-exchange fiber comprises 
positively charged or negatively charged, or both, species bound to a matrix. The matrix 
can be a fibrous felt comprising, for example, a polymeric material such as, but not limited 

15 to, a polyolefin like polypropylene, polyethylene or polystyrene. Examples of fiber felt 
media include those available fi-om the Smoptech Corporation or Johnson Matthey Inc., 
Wayne, Pennsylvania. In accordance with further embodiments of the present invention, the 
electrochemical device can comprise ion exchange membranes having surface textures or 
three-dimensional aspects that define projections, which may, in some cases, contact 

20 adjacent ion exchange membranes with or without three-dimensional aspects. Such features 
can promote mixing of fluid flowing adjacently, which may inhibit formation of deposits. 

Reservoir system 12 can store or accumulate water firom point of entry 14 or a water 
source and may also serve to store soflened or treated water fi-om product stream 56 fi*om 
electrodeionization device 16 and provide water, typically treated water or treated water 

25 mixed with water fi-om point of entry 14 to point of use 18 through a distribution S3^tem. In 
one embodiment, reservoir system 12 is a pressurized reservoir system. Pressure in the 
pressurized reservoir system can be created by various methods and techniques, for 
example, by pressurizing the water with a pump or by elevating the water source, thus 
creating head pressure. 

30 In accordance some embodiments of the present invention, reservoir system 12 

comprises a pressurized vessel or a vessel that has inlets and outlets for fluid flow such as an 
inlet 62 and an outlet 64. Inlet 62 is typically fluidly connected to point of entry 14 and 
outlet 64 is tj^ically fluidly connected to a water distribution system or to point of use 18. 
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Reservoir system 12 can have several vessels or vessels having several inlets positioned at 
various locations on each vessel. Similarly, outlet 64 may be positioned on each vessel at 
various locations depending on, among other things, demand or flow rate to point of use 18, 
capacity or efficiency of electrodeionization device 16 and capacity or hold-up of reservoir 
5 system 12. Reservoir system 12 may further comprise various components or elements that 
perform desirable functions or avoid undesirable consequences. For example, reservoir 
system 12 can have vessels having internal components, such as baffles that are positioned 
to disrupt any internal flow currents within the vessels of reservoir system 12. In some 
embodiments, reservoir system 12 has a heat exchanger for heating or cooling tiie fluid. For 

10 example, reservoir system 12 may comprise a vessel with a heating coil, which can have a 
heating fluid at an elevated temperature. The heating fluid may be hot water in closed-loop 
flow with a heating unit operation such as a fumace so that when the heating fluid 
temperature is raised in the Amiace, the temperature of the water in the vessel increases 
through heat transfer. Other examples of auxiliary or additional components include, but are 

15 not limited to, pressure relief valves designed to relieve intemal pressure of any vessels and 
avoid or at least reduce the likelihood of vessel rupture and thermal expansion tanks that are 
suitable for maintaining a desired system operating pressure. The size and capacity of a 
thermal expansion tank will depend on factors including, but not limited to, the total volxome 
of water, the operating temperature and pressure of the reservoir system. 

20 In operation, reservoir system 12 is typically connected downstream of point of entry 

14 and fluidly connected in-line, such as in a recirculation loop, with electrodeionization 
device 16. For example, water from point of entry 14 can flow into inlet 62 and can mix 
with the bulk water contained within reservoir system 12. Water can exit reservoir system 
12, typically through outlet 64, and directed to point of use 18 or through pump 30 into 

25 electrodeionization device 16 for treatment or removal of any undesirable species. Treated 
water leaving electrodeionization device 16 may mix with water from point of entry 14 and 
enter reservoir system 12 through inlet 62. In this way, a loop is formed between reservoir 
system 12 and electrodeionization device 16 and feedwater from point of entry 14 can 
replenish water demand created by and flowing to point of use 1 8. 

30 Point of entry 14 provides water from a water source or connects the water source to 

the water treatment system. The water source may be a potable water source, such as 
mimicipal water or well water or it may be a non-potable, such as a brackish or salt-water 
source. Typically, an intermediate treatment or treatment system purifies the water for 
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human consumption before reaching point of entry 14. The water typically contains 
dissolved salts or ionic or ionizable species including sodium, chloride, calcium ions, 
magnesium ions, carbonates, sulfates or other insoluble or semi-soluble species or dissolved 
gases, such as silica and carbon dioxide. Moreover, the water may contain additives, such 
5 as but not limited to fluoride, chlorate and bromate species. 

In accordance with another embodiment of the present invention, water treatment 
system 10 includes to a water distribution system, which in turn connects to a point of use. 
The water distribution system may comprise components that are fluidly connected to 
provide pressurized water, typically treated water, from reservoir system 12 to point of use 

10 18. The water distribution system may comprise an arrangement of pipes, valves, tees, 

pumps and manifolds to provide water from reservoir system 12 to one or several points of 
use 1 8 or to any component of water treatment system 10. 

Point of use 1 8 is typically any device or appliance that requires or demands water. 
For example, point of use 1 8 may be an appliance, such as a washing machine or a 

15 dishwasher, or may be a faucet serving to provide water to a kitchen sink or a showerhead. 
In another embodiment, point of use 1 8 comprises a system for providing water suitable for 
household or residential use. In another embodiment, water treatment system 10 also 
comprises a sensor, typically a water property sensor, which measures at least one physical 
property of the water in water treatment system 10. For example, sensor 20 may be a sensor 

20 that can measure turbidity, alkalinity, water conductivity, pH, temperature, pressiire or flow 
rate. Sensor 20 may be installed or positioned within water treatment system 10 to measure 
a particularly preferred water property. For example, sensor 20 may be a water conductivity 
sensor installed in reservoir system 12 so that sensor 20 measures the conductivity of the 
water, which indirectly measures the quality of the water available for service in point of use 

25 18. In another embodiment, sensor 20 may comprise a series or a set of sensors in reservoir 
system 12. The set of sensors may be arranged and connected to controller 22 so that the 
quality of water in reservoir system 12 is monitored, intermittently or continuously througjh 
controller 22, and the quality of water or the operation of electrodeionization device 16 can 
be optimized as described below. Other embodiments may comprise a combination of sets 

30 of sensors in various locations throughout water treatment system 10. For example, sensor 
20 may be a flow sensor measuring a flow rate to a point of use 1 8 and further include any 
of a nephelometer, pH, temperature and pressure sensor monitoring the operating condition 
of water treatment system 10. 
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In accordance with another embodiment of the present invention, water treatment 
system 10 further comprises a pretreatment system 28 designed to remove a portion of any 
undesirable species from the water before the water is introduced to, for example, reservoir 
system 12 or electrodeionization device 16. Examples of pretreatment systems include, but 
5 are not limited to, reverse osmosis devices, which are typically used to desalinate brackish 
or salt water. Carbon or charcoal filters, as components of pretreatment systems, may be 
necessary to remove at least a portion of any chlorine or any species that may foul or 
interfere with the operation of electrodeionization device 16. 

Pretreatment system 28 may be positioned anywhere within water treatment system 

10 10. For example, pretreatment system 28 may be positioned upstream of reservoir system 
12 or downstream of pressurized system 12 but upstream of electrodeionization device 16 so 
that at least some chlorine species are retained in reservoir system 12 but are removed 
before the water enters electrodeionization device 16. 

In accordance with one or more embodiments of the present invention, water 

15 treatment S3^tem 10 further comprises a controller 22 that is capable of monitoring and 
regulating the operating conditions of water treatment system 10 and its components. 
Controller 22 typically comprises a microprocessor-based device, such as a programmable 
logic controller (PLC) or a distributed control system that receives or sends input and output 
signals to components of water treatment system 10. For example, controller 22 may be a 

20 PLC that sends a signal to power source 24, which supplies power to electrodeionization 
device 16 or may provide a signal to a motor control center that provides power to pumps 
30. In certain embodiments, controller 22 regulates the operating conditions of water 
treatment system 10 in open-loop or closed-loop control scheme. For example, controller 
22, in open-loop control, may provide signals to the water treatment system such that water 

25 is treated without measuring any operating condition. Controller 22 may control the 

operating conditions in closed-loop control so that operating parameters may be adjusted 
depending on a measured operating condition. In yet another embodiment, controller 22 
may further comprise a conununication system such as a remote communication device for 
transmitting or sending any of measured operating condition or operating parameter to a 

30 remote station. 

In accordance with another embodiment of the present invention, controller 22 may 
provide a signal that actuates any valves 32 in water treatment system 10 so that fluid flow 
in water treatment system 10 is controlled, adjusted or adjustable based on a variety of 
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parameters including, but not limited to, the quality of water from point of entry 14, the 
quality of water to point of use 1 8, the demand or quantity of water to point of use 1 8, the 
operating efficiency or capacity of electrodeionization device 16, or any of a variety of 
operating conditions, such as the water conductivity, pH, temperature, pressxire, composition 
5 and flow rate. In one embodiment of the present invention, controller 22 receives signals 
from sensor 20 so that controller 22 is capable of monitoring the operating parameters of 
water treatment system 10. Sensor 20 may be a water conductivity sensor positioned within 
reservoir system 12 so that the water conductivity in reservoir system 12 is monitored by 
controller 22. Controller 22 can, based on the water quality measured by sensor 20, control 

10 power source 24, which provides an electric field to electrodeionization device 16. In 
operation, controller 22 can increase, decrease or otherwise adjust the voltage, current, or 
both, supplied to electrodeionization device 16. 

In another embodiment, controller 22 may reverse the direction of the applied field 
from power source 24 to electrodeionization device 16 according to a predetermined 

15 schedule or according to an operating condition, such as the water quality or any other 

operating parameter. Polarity reversal, which has been described by, for example, Giuffrida 
et al., in U.S. Patent No. 4,956,071, and which is incorporated herein by reference in its 
entirety, is considered to be encompassed within the scope of the present invention. 

Controller 22 may be configured or configurable by programming or may be self- 

20 adjusting such that it is capable of maximizing any of the service life and the efficiency of or 
reducing the operating cost of water treatment system 10. For example, controller 22 may 
comprise a microprocessor having user-selectable set points or self-adjusting set points that 
adjusts the applied voltage and current to electrodeionization device 16, the flow rate 
througih the concentrating and depleting compartments of the electrodeionization device or 

25 the flow rate of discharge stream to drain 26 from the electrodeionization device or the 

pretreatment system or both. In another embodiment of the present invention, controller 22 
may be programmed to be capable of adjusting a change in a cycle of electrodeionization 
device 16. For example, controller 22 may control the period between plurality reversal of 
an applied electric field across the electrodeionization device based on a measured water 

30 property such as, but not limited to, the conductivity of the water being delivered to the 
point of use. In another embodiment, controller 22 can calculate a Langelier Saturation 
Index (LSI) of the water in reservoir system 12 and adjust an operating parameter of the 
system 10 based on the difference between the calculated LSI and a set point. LSI can be 
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calculated according to, for example, ASTM D 3739. Thus, in one embodiment, the 
treatment system can treat a liquid to produce treated liquid, for example, treated water 
having a low LSI of less than about 2, preferably less than about 1 and more preferably less 
than about zero. In other cases, the treatment system can produce liquid that has a low 
5 conductivity of less than about 300 ^iS/cm, preferably less than about 220 ^iS/cm and more 
preferably, less than about 200 p.S/cm. 

Controller 22 can incorporate dead band control to reduce the likelihood of unstable 
on/oflf control or chattering. Dead band refers to the range of signal outputs that a sensor 
provides without necessarily triggering a control signal. The dead band may reside, in some 

10 embodiments of the invention, intrinsically in one or more components of the system such 
as the sensor or may be programmed as part of the control system, or both. Dead band 
control can avoid unnecessary intermittent operation by smoothing out measurement 
excursions. Such control techniques can prolong the operating life or mean time before 
failure of the components of water treatment system 10. Other techniques that can be used 

15 include the use of voting, time-smoothing or time-averaging measurements or combinations 
thereof. 

Accordingly, in accordance with one or more embodiments of the present invention, 
the water treatment system stores water from point of entry 14, which is typically connected 
to a water source at a pressure above atmospheric pressure in a first zone of reservoir system 

20 12. Reservoir system 12 is typically fluidly cotmected to a water distribution system that 
transfers treated water to point of use 1 8, Water treatment system 1 8 can also have an 
electrodeionization device 16 that purifies water from point of entry 14 by removing at least 
a portion of any undesirable species to produce treated water that is introduced into reservoir 
system 12 in a second zone of reservoir system 12. First and second zones of reservoir 

25 system 12 are monitored by at least one water quality sensor, more preferably, a set of water 
quality sensors connected to controller 22, which, in tum, adjusts an operating parameter of 
electrodeionization device 16. In this way, controller 22 can monitor the first and second 
zones of reservoir system 12 and regulate the operation of electrodeionization device 16 
depending on any of the properties measured by a sensor or a set of sensors 20 which 

30 measures the water properties of the water in the first and second zones. 

In yet another embodiment of the present invention, controller 22, through sensor or 
set of sensors 20, can monitor and/or measure a water property of the water in the first and 
second zones of reservoir system 12 and also monitor and/or measure a flow rate flowing 
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into at least one point of use 18 and adjust an operating parameter of electrodeionization 
device 16 based on the measured properties. For example, when an increased flow rate is 
measured or determined to point of use 1 8, controller 22 can adjust an operating parameter 
of electrodeionization device 16 to treat water to compensate for additional demand flowing 
5 into point of use 1 8. In other cases, controller 22 can adjust an operating parameter of 
electrodeionization device 16 depending on the volume in the first and second zones of 
reservoir system 12 and a historical demand required by point of use 18. The historical 
demand of a point of use can be determined by monitoring the usage at such point of use of 
over a period of time. 

10 In accordance with another embodiment of the present invention, controller 22 

regulates the operation of the watCT treatment system by incorporating adaptive or predictive 
algorithms, which are capable of monitoring demand and water quality and adjusting the 
operation of the electrodeionization device, such as increasing or decreasing the applied 
voltage or the period between electric field reversals of electrodeionization device 16. For 

15 example, controller 22 may be predictive in anticipating higher demand for treated water 
during early moming hours in a residential application to supply point of use 18 serving as a 
showerhead. 

In accordance with another embodiment of the present invention, electrodeionization 
device 16 includes a compartment that can accumulate hydrogen ions while treating water. 

20 The hydrogen ions can be generated, in one embodiment, when an electric field is applied 
that can create a polarization phenomenon so that water flowing within the compartment is, 
at least partially, dissociated into hydrogen and hydroxyl ions. Under the proper operating 
conditions, water splitting can be effected by applying an electric field so that a current can 
pass through the electrodeionization device at a level that is above the limiting current 

25 density. Water splitting has been discussed by, for example, Zang et al., in U.S. Patent No. 
3,165,460, Batchelder et al., in U.S. Patent No. 5,503,729, Denoncourt et al., in U.S. Patent 
No. 5,593,563, Ganzi et al., in U.S. Patent No. 5,858,915, Batchelder et al., in U.S. Patent 
No. 5,679,228, Goldstein et al., in U.S. Patent No. 5,679,229, Su et al., in U.S. Patent No. 
5,837,124 and Mir, in U.S. Patent No. 6,187,162, each of which are incorporated herein by 

30 reference in their entireties. In another embodiment, the present invention provides an 
electrodeionization device wherein, xmder an applied electric field, the limiting current 
density is applied only in the specific compartments so that water is split only in such 
compartments. 
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In accordance with another embodiment, the present invention provides an 
electrodeionization device comprising an ion-trapping (trapping) compartment. The 
trapping compartment can comprise selectively permeable membranes that preferentially 
allow specific ions to pass therethrough. The membrane can be an anion-selective 
5 membrane and the trapping compartment can be bounded by anion-selective membranes on 
both sides thereof. In another embodiment of the present invention, the trapping 
compartment further comprises electroactive media disposed with the region of the trapping 
compartment between anion-selective membranes. The electroactive media can be ion- 
exchange resin that can ionically bind a free ionic species. The ionic species can be 

10 positively or negatively charged and the resin can have a bound charged species that 

attractively binds the free ionic species. The electroactive media can be anion exchange 
resin or cation exchange resin or a mixture thereof. If cation exchange resin predominates 
in the electroactive media, then there should higher relative retention, by ionic binding for 
example, of positively charged cationic species. If anion-selective membranes surround the 

15 electroactive media that is predominantly cation exchange resin, then the migration of 
positively charged cations is further inhibited. This should result in a higher relative 
concentration of retained cations in such a trapping compartment compared to negatively 
charged anionic species. Thus, in one embodiment of the present invention, 
electrodeionization device 16 is operated to split water to hydrogen and hydroxyl ions in a 

20 compartment that comprises electroactive media that is predominantly comprised of cation- 
exchange resin and bounded by anion-selective membranes. In certain embodiments of the 
present invention, the trapping compartments have adjacent collecting compartments. Such 
collecting compartments can collect the migrating anionic species that can migrate from the 
trapping compartment. The collecting compartment similarly can have electroactive media, 

25 which can be anion exchange resin, cation exchange resin or mixtures thereof. 

The function and advantage of these and other embodiments of the present invention 
will be more fully understood from the example below. The following example is intended 
to illustrate the benefits of the present invention, but does not encompass the full scope of 
the invention. 

30 

Example 

This example demonstrates an electrodeionization device that can generate and 
accumulated hydrogen ions in a compartment. A section of the electrodeionization device 
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used in this example is schematically illustrated in FIG. 3. The electrodeionization device 
16 had five cell pairs totaling ten compartments between the electrode compartments 38 and 
40. Cathode compartment 38 was boimded by a cation-selective membrane 46. An adjacent 
compartment, concentrating compartment 36, was filled with a mixture of cation-exchanged 
5 resin 50 and anion-exchange resin 52. Specifically, the electroactive media was a mixed 
bed of about 60% AMBERLITE® IRA 458 and about 40% AMBERLITE® SF 120 resin, . 
both available fi-om Rohm & Haas Company, Philadelphia, Pennsylvania. Concentrating 
compartment 36, immediately adjacent to cathode compartment 38, was bovmded by cation- 
selective membrane 46 and an anion-selective membrane 48 opposite the cation-selective 

10 membrane. Immediately adjacent to concentrating compartment 36 was a depleting 
compartment 34, which was bounded by an anion-selective membrane 48 and a cation- 
selective membrane 46. Depleting compartment 34 comprised of a mixed bed resin similar 
in composition to the mixed bed resin comprising concentrating compartment 36. 
Positioned adjacent to compartment 34 were compartments 70 and 72. Compartment 72 

15 was a trapping compartment that comprised of cation-exchange resin 50 bordered by anion- 
selective membranes 48. Compartment 70 comprised of a mixed bed of ion exchange resin 
with similar concentrations as the resins in compartments 34 and 36. On the other side of 
compartment 72 was a second depleting compartment 34 comprised of a mixed bed of ion 
exchange resin of similar composition as the first depleting compartment 34. The remaining 

20 compartments of electrodeionization device 16 comprised of depleting and concentrating 
compartments, as well as compartments 70 and 72 in the similar order as described above. 

During operation, water to be treated was introduced into depleting compartments 34 
and a flushing fluid, which was typically a concentrate stream, flowed in concentrating 
compartments 36. A second flushing fluid flowed into compartment 70 and was discharged 

25 as reject along witii the fluid fi-om concentrating compartments. A separate fluid flowed 
into compartment 70 and commonly collected and eventually was reintroduced into the 
anode compartment The fluid fi-om the anode compartment was discharged to drain. 
Under the influence of an applied electric field, water was split in compartment 72 into 
hydrogen and hydroxyl ions. Cation-exchange resin 50 in compartment 72 inhibited 

30 transport of the positively charged hydrogen ions. Anion-selective membrane 48, forming 
the boundaries with compartment 72 fiirther inhibited any migration of hydrogen ions from 
compartment 72. Over time, hydrogen ion concentration increased relative to the hydroxyl 
ion concentration because the arrangement of electroactive media in compartment 72, 
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consisting essentially of cation-exchange resin and was bounded by anion-selective 
membrane, promoted migration of hydroxyl ions into adjacent compartment 70 while 
inhibiting hydrogen ion transport. 

Electrodeionization device 16 was operated with an applied electric field of about 
5 10 V to about 20 V. Water to be treated was introduced at a rate of about 0.03 liters per 
minute per cell at a pressure of about 12 psig. Tables 1 and 2 summarize the measured 
parameters of various streams during operation of the electrodeionization device at about 
10 V with about 0.23 A and about 0.22 A, respectively, using feed water having a 
conductivity of about 784 ^iS/cm and about 775 ^S/cm, respectively . Tables 3 and 4 
10 summarize the measured parameters of various streams during operation of the 

electrodeionization device at about 20 V with about 0.35 A and about 0.32 A, respectively, 
using feed water having a conductivity of about 680 ^iS/cm and about 722 jiS/cm, 
respectively. 

The data presented in Tables 1-4 simmiarize measured properties of the varioxjs 
15 streams during the operation of electrodeionization device 16. In the last two colunms of 
each table lists the measured fluid properties of water leaving the anode compartment. 
Specifically, in the next to last column of each table, feed water was introduced into the 
anode compartment and the measured physical properties of the stream leaving that anode 
compartment are listed. In comparison, in the last column, fluid fi-om compartment 72 was 
20 introduced into the anode compartment and the properties of the fluid leaving that anode 
compartment are listed. The data shows that using fluid firom compartment 72 wherein 
hydrogen was collected from water splitting and introduced into the electrode compartment, 
the measured LSI was lower than the LSI measured without using the fluid fi-om 
compartment 72. This is significant because an LSI that is close to zero indicates a lesser 
25 likelihood of scaling. Thus, the Example shows that the use of the present invention can 
reduce the likelihood of scaling in an electrodeionization device. 


Table 1. 



Dilute 

Concentrate 

Reject 

Electrode 
without Ion- 
trapping 

Electrode 
with Ion- 
trapping 

Conductivity 
(nS/cm) 

308 

1195 

1300 

786 

769 

PH 

7.9 

7.8 

8.5 

9.1 

8.4 

LSI 

-0.51 

0.38 

1.09 

1.47 

0.64 
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Table2. 



Dilute 

Concentrate 

Reject 

Electrode 
without Ion- 
trapping 

Electrode 
with Ion- 
trapping 

Conductivity 
(nS/cm) 

285 

1192 

1176 

779 

763 

PH 

8.0 

7.8 

8.4 

9.4 

8.3 

LSI 

-0.48 

0.42 

1.09 

1.48 

0.55 


Table 3. 



Dilute 

Concentrate 

Reject 

Electrode 
without Ion- 
trapping 

Electrode 
with Ion- 
trapping 

Conductivity 
(nS/cm) 

161 

1255 

1203 

635 

717 

pH 

7.4 

7.1 

8.7 

9.7 

8.2 

LSI 

-1.46 

-0.21 

1.48 

1.72 

0.48 


5 

Table 4. 



Dilute 

Concentrate 

Reject 

Electrode 
without Ion- 
trapping 

Electrode 
with Ion- 
trapping 

Conductivity 
(nS/cm) 

150 

1398 

1434 

717 

787 

pH 

7.2 

6.8 

8.6 

9.8 

7.9 

LSI 

-1.79 

-0.55 

1.47 

1.77 

0.11 


Those skilled in the art should appreciate that all parameters and configurations 
described herein are meant to be exemplary and that actual parameters and configurations 

10 will depend upon the specific application in which the systems and methods of the present 
invention are used. Those skilled in the art should recognize, or be able to ascertain, using 
no more than routine experimentation, many equivalents to the specific embodiments of the 
invention described herein. It is, therefore, to be understood that the foregoing 
embodiments are presented by way of example only and that, within the scope of the 

15 appended claims and equivalents thereto, the invention may be practiced otherwise than as 
specifically described. For example, where reference is made to an electrodeionization 
device, the systems and techniques of the present invention may be appUcable to or utilize 
any electrochemical device such as, but not limited to electrodeionization devices, 
electrodialysis devices, and, in some cases, capacitive deionization devices. The present 
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invention is directed to each feature, system, or method described herein. In addition, any 
combination of two or more features, systems or methods, if such features, systems or 
methods are not mutually inconsistent, is considered to be within the scope of the present 
invention. The present invention has been described using water as the liquid but should not 

5 be limited as such. For example, where reference is made to treated water, it is believed that 
other fluids can be treated in the system or according to the method of the present invention. 
Moreover, where reference is made to a component of the system, or to a step of the 
method, of the present invention that adjusts, modifies, measures or operates on water or 
water property, the present invention is believed to be applicable as well. Thus, the fluid to 

10 be treated may be a mixture comprising water. 
What is claimed is: 
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